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Two regions of the Epstein-Barr virus (EBV) genome together make up an element, oriP, which acts in cis
to support plasmid replication in cells that express the EBV nuclear antigen 1 (EBNA-1). The two components
of oriP are a region containing a 65-base-pair (bp) dyad symmetry and a region containing 20 copies of a 30-bp
direct repeat. Here we show that the 30-bp family of repeats of oriP can function as a transcriptional enhancer
that is activated in trans by the EBNA-1 gene product. In either EBV-genome-positive cells or in cells that
express EBNA-1, the 30-bp family of repeats, when positioned in either orientation upstream or downstream,
enhances expression of the chloramphenicol acetyltransferase (CAT) gene expressed from either the simian
virus 40 early promoter or the herpes simplex virus type 1 thymidine kinase promoter. The extent of
transcriptional enhancement varies with the promoter and cell type. This enhanced CAT expression reflects an
increased level of CAT mRNA and does not result from amplification of the plasmids expressing CAT. In
addition, plasmids carrying the gene for resistance to hygromycin B and the 30-bp family of repeats yielded 10
to 100 times more hygromycin B-resistant colonies than the vector lacking the 30-bp family of repeats in both
EBV-genome-positive cells and cells that express EBNA-1. EBNA-1 is known to bind to sequences within the
30-bp family of repeats (D. R. Rawlins, G. Milman, S. D. Hayward, and G. S. Hayward, Cell 42:859-868,
1985), and these trans- and cis-acting elements together have at least two functional roles: (i) they are required
for DNA replication dependent upon oriP, and (ii) they can enhance expression of genes linked to the 30-bp

family of repeats of oriP.

Epstein-Barr virus (EBV) is a human herpesvirus that
infects B lymphocytes and transforms them into cells capa-
ble of indefinite proliferation in culture (for a recent review,
see reference 31). B cells that have been transformed by
EBYV usually express nuclear antigens known as EBNAs and
contain multiple copies of the EBV genome (35, 41). In
general, the viral genome is maintained as a supercoiled
DNA plasmid of approximately 172,000 base pairs (bp) (2,
27). Three regions of the viral genome are known to be
transcribed into poly(A)* mRNA in transformed cells (1,
45). One region codes for a 62,000-dalton membrane protein
(11), and the two others code for the nuclear antigens
EBNA-1 and -2 (17, 18, 43). Little is known about the
regulation of expression of these genes, and apart from the
role of EBNA-1 in EBV plasmid replication (29, 48), little is
known about the role of the other expressed EBV genes in
B-cell transformation.

A cis-acting element, oriP, isolated from the EBV
genome, allows the replication and maintenance of recom-
binant plasmids in cells that express EBNA-1 (29, 47, 48).
Structural analysis of oriP has identified two noncontiguous
components that are both required for plasmid replication in
the presence of EBNA-1 (20, 36). One component consists of
a 20-member family of 30-bp direct repeats, and the other
required component, approximately 1,000 bp away in the
viral genome, contains a 65-bp dyad symmetry element.
Although both components are required in cis, their activity
is not strictly dependent on their relative distance or orien-
tation (36).

The 30-bp family of repeats has been found to have an
additional activity. When this component is inserted into a
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plasmid carrying a drug resistance marker and the construc-
tion is introduced into EBNA-1-positive cells, there is a
transient increase in the number of drug-resistant colonies
(36). In addition, the 30-bp family of repeats, when present in
cis, enhances the expression of the chloramphenicol acetyl-
transferase (CAT) gene approximately 25-fold from the
simian virus 40 (SV40) early promoter in the EBV-genome-
positive cell line Raji (36). On the basis of these and other
observations, we have proposed that EBNA-1 interacts
either directly or indirectly with the 30-bp repeats (36).
Rawlins et al. (34) have now shown that the EBNA-1 protein
protects from digestion with nucleases in vitro both the
30-bp repeats and related sequences in the region containing
the dyad symmetry of oriP.

To characterize further the properties of this transcrip-
tional enhancer element, we measured its activity in different
cell types and its effect on RNA synthesis from two promot-
ers, the SV40 early promoter and the herpes simplex virus
type 1 thymidine kinase (HSV-1 TK) promoter. We deter-
mined that the oriP family of repeats enhances expression
from both the SV40 and the HSV-1 TK promoters. The
extent of enhancement varies with the promoter, the cells,
and the assays used. Enhancement is only found in cells that
express EBNA-1. These results indicate that the 30-bp
repeats of oriP can act as a transcriptional enhancer that is
activated in zrans by the EBNA-1 protein.

MATERIALS AND METHODS

Cell lines. BJAB, ManCa, Ramos, and Wilson are EBV-
genome-negative B lymphoblasts derived from EBV-
negative Burkitt lymphoma biopsies (24, 25). 721 is an in
vitro-transformed EBV-positive B-lymphoid cell line (22).
Raji is a EBV-genome-positive cell line obtained from a
Burkitt lymphoma biopsy (33). D98/Raji is a somatic cell
hybrid between the human epithelial cell line D98 and Raji
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FIG. 1. (A) The 20-member family of 30-bp repeats of oriP (box
with vertical lines) which is contained between the Smal and EcoRI
sites at nucleotides 7315 and 8191 on the B95-8 EBV map was ligated
to BamHI synthetic linkers. This region of oriP was cloned in both
orientations (indicated by arrows) into the unique Bg/II site of the
CAT expression vector pA;(CAT; to generate pFRCAT. pA,,CAT,
contains the CAT gene (box with angled lines) downstream of the
SV40 early promoter (stippled box) lacking the SV40 72-bp tran-
scriptional enhancer (26). The SV40 early region termination and
polyadenylation signals are downstream of the CAT gene (open
box). Arrows indicate the direction of transcription. The plasmid
pSV,CAT contains the CAT gene downstream of the SV40 early
promoter and includes the 72-bp SV40 transcriptional enhancer (14).
pTKCAT and pFRTKCAT were constructed by J. Yates. p TKCAT
contains the CAT gene (box with angled lines) linked to the HSV-1
TK gene promoter (stippled box) and HSV-1 TK gene termination
and polyadenylation signals (open box). pFRTKCAT contains a
30-bp family of repeats (box with vertical lines) inserted approxi-
mately 2,000 bp downstream at the EcoRlI restriction site of pPBR322.
(B) pSM3 was constructed by S. Metzenberg. It is derived from
pHEBo (41) and contains between the unique Clal and HindIII
restriction sites the Hpall-to-HindIIl fragment of a derivative of
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and contains multiple copies of the EBV genome (13, 44).
Human 143 cells were derived from an osteosarcoma (15).
143/EBNA cells express EBNA-1 and were described pre-
viously (48). D98/p154 cells carry multiple copies of an oriP
plasmid that expresses EBNA-1 and were described previ-
ously (48). Wilson/p205 cells are derivatives of Wilson cells
that carry multiple copies of oriP plasmids that express
EBNA-1. The plasmid p205 expresses a deleted form of
EBNA-1 that lacks a repetitive glycine and alanine sequence
of approximately 230 amino acids and has been described
previously (48). Wilson/p274.4 cells are derivatives of Wil-
son that carry one or more integrated copies of the EBNA-1
gene expressed from the SV40 early promoter.

All the B-lymphoid cells plus D98/Raji were grown in
RPMI culture medium containing 10% fetal bovine serum.
Wilson cells that carry plasmids with oriP were grown in the
presence of 300 pg of hygromycin B per ml. D98 and 143 and
derivatives of these cells carrying oriP plasmids were grown
in Dulbecco modified Eagle medium containing 10% fetal
bovine serum. D98/p154 cells were grown in the presence of
150 pg of hygromycin B per ml.

Recombinant plasmids.The plasmids used in this study are
depicted in Fig. 1 and were constructed as follows. The
20-member family of 30-bp repeats of oriP which is con-
tained between the Smal and EcoRlI sites at nucleotides 7315
and 8191 on the EBV map (B95-8 strain) was ligated to
BamHI synthetic linkers. This region of oriP was cloned in
both orientations into the unique Bg/II site of the CAT
expression vector pA;gCAT, to generate pFRCAT (26). The
plasmid pSV,CAT contains the CAT gene downstream of
the SV40 early promoter and includes the 72-bp SV40
transcriptional enhancer (14).

The two required components of oriP (36), the 30-bp
family of repeats and a region containing a 65-bp dyad
symmetry, were cloned into the BamHI site of pHyg to
generate p2.8 and p3.2, respectively. pHyg expresses resist-
ance to the drug hygromycin B from the HSV-1 TK pro-
moter and has been described previously (41). pHEBo is a
derivative of pHyg that contains an intact copy of oriP (41).

pSM3 was constructed by S. Metzenberg. It is derived
from pHEBo and contains between the unique Clal and
HindIIl restriction sites of pHEBo the Hpall-to-HindIII
fragment of a derivative of SV40 containing an insertional
mutation in the SV40 origin of DNA replication (12). In
pSM3 the SV40 72-bp transcriptional enhancer and the 30-bp
family of repeats of oriP are approximately 2,500 and 3,000
bp away from the HSV-1 TK promoter, respectively (Fig.
1B). p259 was derived from pSM3 by digestion with EcoRV
to delete the EcoRV-to-EcoRV fragment containing the
30-bp family of repeats. In p259 the SV40 enhancer is
positioned approximately 400 bp away from the dyad sym-
metry element of oriP (Fig. 1B). p260 was derived from
pSM3 by digestion with EcoRV plus Hpal resulting in the
deletion of oriP (Fig. 1B).

SV40 (designated pX-8) containing an insertional mutation in the
SV40 origin of DNA replication (stippled box [12]). In pSM3 the SV40
72-bp transcriptional enhancer (within stippled box) and the 30-bp
family of repeats of oriP (box with vertical lines) are approximately
2,500 and 3,000 bp away, respectively, from the TK promoter. p259
was derived from pSM3 by digestion with EcoRV and the deletion of
the EcoRV-to-EcoRV fragment containing the 30-bp family of
repeats. In p259 the SV40 enhancer is positioned approximately 400
bp away from the dyad symmetry element (black box) of oriP. p260
was derived from pSM3 digestion with EcoRV plus Hpal resulting in
the deletion of oriP.
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TABLE 1. CAT expression from recombinant plasmids in EBV-genome-positive and -genome-negative cell lines”

Avg % chloramphenicol acetylated from extracts of cells carrying plasmids:

Cell line gi?’:: e Ratio Ratio
PACAT,  pSV:CAT  pFRCAT  cocamin car, PTKCAT  pFRTKCAT  bomycAT/nTKCAT

A. CAT expression from SV40 early promoter

Raji + 0.14 8 5 354)

Raji + 0.1 5 1.5% 15(1)

721 + 0.5 16 5 10 (2)

D98/HR-1 + 0.1 0.5 5 50 (1)

Wilson - 0.1 11 0.1 1(3)

Ramos - 0.1 1 0.1 1)

BJAB - 0.2 5 0.1 0.5(1)

ManCa - 0.1 19 0.1 1Q1)
B. CAT expression from HSV-1 TK promoter

Raji + 0.15 10 66 (2)

721 + 0.1 4.5 45 (1)

Wilson - 0.1 0.1 1)

2 All cells except D98/HR-1 were electroporated with 5 g of each of the recombinant plasmids listed above. D98/HR-1 was transfected with 10 ug of plasmid
DNA by calcium phosphate coprecipitation. The cells were harvested after 72 h. Extracts were prepared and incubated with [“Clchloramphenicol (2 X 10° cpm)
and 0.53 mM acetyl coenzyme A in 0.25 M Tris hydrochloride (pH 7.8) at 37°C for 60 min. The products were separated by thin-layer chromatography, removed
from the thin-layer plate, and counted in a scintillation counter. The CAT activity is expressed as the percentage of the total input chloramphenicol that was
acetylated. Background disintegrations per minute were approximately 100 to 600 cpm or 0.05 to 0.3% acetylation. The extent of enhancement by the 30-bp family
of repeats (PFRCAT) is expressed as the ratio of the average percent acetylation from extracts of cells carrying pFRCAT to that from extracts of cells carrying
PA;oCAT,. The number in parentheses represents the number of determinations, and the values presented are the average of those determinations.

® The plasmid used in this experiment contained the 30-bp family of repeats in an inverted orientation.

Transfections. DNA transfections were performed by the
calcium phosphate coprecipitation method of Graham and
van der Eb (16). For CAT assays, adherent cells at 50 to 75%
confluence in 100-mm tissue culture dishes (approximately 2
x 10° to 4 X 10° cells) were transfected with 1 ml of a
calcium phosphate-DNA precipitate containing 10 ng of
plasmid DNA for 30 min at room temperature. After this
time, 9 ml of complete medium was added, and the cells
were incubated for 6 to 8 h at 37°C and then exposed to 20%
glycerol for 2 min and washed. Cells were harvested after 72
h. For lymphoid cells, 5 pg of plasmid DNA was introduced
into 2 X 107 exponentially growing cells suspended in 0.5 ml
of phosphate-buffered saline by electroporation (a peak
current of 3 A with a decay time of approximately 20 ms)
(41). After electroporation, the cells were suspended in
complete medium to approximately 4 X 10° cells per ml.
After 72 h the cells were counted and harvested.

CAT assays. CAT assays were performed as described by
Gorman et al. (14) 72 h after transfection. Each assay
contained extracts from 107 lymphoid cells or 200 wg of
protein (28) from adherent cells. The extracts were usually
assayed for CAT activity at 37°C for 60 min. The reaction
consisted of 150 .l containing 0.25 M Tris hydrochloride (pH
7.8), 0.53 mM acetyl coenzyme A, 0.1 pCi 2 X 10° dpm) of
[**C]chloramphenicol (47.8 mCi/mmol), and 50 pl of cell
extract. The products were separated by ascending thin-
layer chromatography and quantitated by scintillation count-
ing. Control experiments indicated that the assay was linear
with respect to time for at least 60 min with extracts that
yielded 35% acetylated chloramphenicol. Acetylation of 1%
was equivalent to the conversion of approximately 21 pmol
of chloramphenicol to its acetylated derivatives.

DNA replication assay. The DNA replication assay has
been described previously (36). Briefly, plasmid DNAs (5
ng) were introduced into 5 X 107 Raji cells by electropora-
tion. After 96 h, extracts containing low-molecular-weight
DNA were prepared by the method of Hirt (19) and digested
with the restriction endonuclease Dpnl. The products were
separated on a 0.8% agarose gel, transferred to nitrocellu-

lose, and hybridized with 32P-labeled vector DNA. The
autoradiograms were scanned by laser densitometry.

Selection of cells resistant to hygromycin B. After plasmid
DNAs were introduced into cells by either CaPO4-mediated
transfection or electroporation, the cells were propagated for
2 to 3 days without selection. The cells were then assayed for
their viability and diluted in 10-fold decrements. Adherent
cells were plated in 60-mm dishes starting with 1 x 10° to 2
x 10° cells per dish. Nonadherent cells were plated at 10°
cells per 90-mm dish (three dishes) and then at 1.5 x 10°, 1.5
x 104, 1.5 x 10%, and 1.5 x 10? cells per well in six wells each
of a 24-well culture dish. Hygromycin B was added imme-
diately to the nonadherent cells and to the adherent cells 24
h after plating. The cells were fed with fresh medium
containing hygromycin B every 5 to 7 days. Nonadherent
cells plated in 90-mm dishes were collected after 2 weeks,
viable cells were separated from dead ones in a density
gradient, and the viable cells were replated in 2 ml of
medium to maximize their chance of survival. Populations of
viable cells were counted 6 to 7 weeks after the addition of
hygromycin B.

Preparation of RNA. Total cellular RNA was prepared by
guanidium thiocyanate extraction as described by Chirgwin
et al. (7). Poly(A)* RNA was selected by hybridization to
polyuridylic acid-diazothiophenyl paper (Hybond-mAP;
Amersham Corp., Arlington Heights, Ill.) in buffer contain-
ing 0.5 M NaCl, 10 mM Tris hydrochloride (pH 7.4), and 1
mM EDTA. The paper was washed extensively in the
hybridization buffer, and poly(A)* RNA was eluted in buffer
containing 10 mM Tris hydrochloride (pH 7.4) and 1 mM
EDTA.

RNA dot blots. Poly(A)* RNA was denatured in 7.4%
formaldehyde by heating at 60°C for 15 min as described by
White and Bancroft (46). Twofold dilutions were prepared
and applied to nitrocellulose. The filters were baked at 80°C
for 2 h, prehybridized at 68°C for 18 h with 6x SSC (1x SSC
is 0.15 M NaCl plus 0.015 M sodium citrate [pH 7.4])-2X
Denhardt (8) solution-0.2% sodium dodecyl sulfate-10 mM
Tris hydrochloride (pH 7.0)-5 mM EDTA-200 pg of dena-
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FIG. 2. Analysis of RNA from Raji cells electroporated with
pSV2CAT (0), pFRCAT (A), or pA;,CAT, (O). At 72 h after
electroporation, extracts from 107 cells were assayed for CAT
activity, and total RNA was extracted from the remaining 10® cells.
Poly(A)* RNA was selected, diluted, denatured, and applied to
nitrocellulose. The filters were hybridized to 3*P-labeled pSV2CAT
DNA to detect CAT RNA. The filters were washed and subjected to
scintillation counting. The graph shows the counts per minute
bound. Background hybridization to nitrocellulose alone (95 cpm)
has been subtracted. The points for 0 RNA represent 2.5 ug of
poly(A)* RNA from each cell population that had been treated with
0.6 N NaOH at 48°C for 2 h before its being applied to the filter.

tured salmon sperm DNA per ml. Hybridizations to 32P-
labeled DNA (2 x 108 to 4 x 10® cpm/pg) were carried out at
68°C for 18 h in the prehybridization mix. The filters were
washed with 1xX SSC-0.1% sodium dodecyl sulfate at 68°C
and subjected to autoradiography and scintillation counting.
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RESULTS

Family of 30-bp repeats from oriP enhances expression of
CAT gene in cells that carry the EBV genome. We have found
that the 30-bp family of repeats from oriP acts to enhance
CAT expression approximately 25-fold from the SV40 early
promoter in the EBV-genome-positive Burkitt lymphoma
cell line Raji (36). To determine whether this activity of the
30-bp family of repeats is specific for EBV-positive cells or is
a more general property of B-lymphoid cells, we tested the
levels of CAT expressed from a series of CAT vectors
introduced into both EBV-genome-positive and -genome-
negative B-lymphoid cell lines. The structures of these
plasmids that can express CAT are shown in Fig. 1A. The
30-bp family of repeats enhanced expression of the CAT
gene only in cells that were EBV positive (Table 1). This
enhanced CAT expression was observed when the 30-bp
repeats were cloned in either orientation 200 bp upstream of
the SV40 early promoter or approximately 2,000 bp away
from the HSV-1 TK promoter. We conclude from these
findings that the 30-bp family of repeats enhances the ex-
pression of the linked CAT gene. Since this activity could
only be demonstrated in EBV-genome-positive cells, it is
likely that an EBV-encoded gene product expressed in
EBV-genome-positive cells acts in trans to permit this
enhanced expression.

To determine whether the observed enhancement of gene
expression by the 30-bp family of repeats as measured by
levels of CAT activity reflected increased levels of CAT
mRNA, we measured the amount of steady-state CAT
mRNA in Raji cells into which we had introduced
pSV2CAT, pA,0CAT,, or pFRCAT (Fig. 1A). At 72 h after
electroporation, 107 cells were assayed for CAT expression,
and total RNA was extracted from the remaining cells.
Poly(A)* RNA was selected by hybridization to polyurydilic
acid paper. Twofold dilutions of the poly(A)* RNA were
denatured, applied to nitrocellulose filters, and hybridized to
32p_labeled pSV2CAT. CAT assays indicated that both
pSV2CAT and pFRCAT yielded 2.0% acetylated chloram-
phenicol, while the vector pA;oCAT, yielded a background
level of 0.1%. We observed a threefold increase in the level
of CAT poly(A)* RNA in the cells expressing an increased
level of CAT activity (Fig. 2). The levels of two EBV
transcripts were measured by hybridizing poly(A)* RNA

TABLE 2. CAT expression from recombinant plasmids in EBNA-1-positive and EBNA-1-negative cell lines”

Avg % chloramphenicol acetylated from extracts of cells carrying plasmids:

Cell line e'if::;:ﬁn Ratio Ratio
pA,0CAT, pSV,CAT pFRCAT pFRCAT/pA (CAT, pTKCAT pFRTKCAT pFRTKCAT/pTKCAT
A. CAT expression from SV40 early promoter
Wilson/p205 + 0.1 7 2 20 (2)
Wilson - 0.1 11 0.1 103)
D98/p154 + 0.2 4 0.2 1)
D98 - 0.2 7 0.2 1)
143/EBNA + 0.2 29 0.2 13)
143 - 0.2 30 0.2 1(2)
B. CAT expression from HSV-1 TK promoter
Wilson/p274.4 + 0.1 4.8 48 (3)
Wilson - 0.1 0.1 1)
D98/p154 + 0.25 1.5 6 (3)
D98 - 0.2 0.2 1)
143/EBNA + 0.3 5.5 18 (2)
143 - 0.1 0. 1)

¢ The CAT recombinant plasmids listed were introduced into the cells listed and analyzed for CAT activity 72 h later as described in Table 1, footnote a.
Plasmids were introduced into Wilson cells and their derivatives by electroporation and into all other cells by calcium phosphate coprecipitation.
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TABLE 3. CAT expression mediated by different promoters and enhancers in EBNA-1-negative and -positive cells®

% Chloramphenicol actylated from extracts of cells carrying plasmid:

Cell line EBNA-1
PA0CAT, pTKCAT pSV,CAT pCATwt760 pFRTKCAT
Wilson - 0.2 0.2 3 11 0.2
Wilson p274.4 + 0.2 0.2 2.6 9 2

Ratio of activity in cells
(EBNA-1 +/EBNA-1 —-) 1 1 0.9 0.8 10

2 Shown is the percent chloramphenicol acetylated by extracts of 10’ Wilson (EBNA-1 negative) or Wilson/p274.4 (EBNA-1 positive) cells. The assays were
performed as described in Table 1, footnote a, but the incubations were continued for 45 min at 37°C. Introduced plasmids were: pA;(CAT-, SV40 early promoter
lacking the enhancer; pTKCAT, HSV-1 TK promoter; pSV,CAT, SV40 early promoter plus SV40 enhancer; pPCATwt760, HCMV immediate-early promoter plus

enhancer; pFRTKCAT, 30-bp family of repeats plus HSV-1 TK promoter.

labeled in vitro to DNA clones of EBV coding sequences
(data not shown). While CAT RNA was observed toincrease
in Raji cells electroporated with either pSV2CAT or
pFRCAT, levels of endogenous EBV mRNA transcripts
were unchanged. These results indicate that the increase in
CAT activity observed in EBV-genome-positive cells after
the introduction of plasmids carrying the CAT gene and
either the SV40 enhancer or the oriP family of repeats is
likely to be due to an increase in transcription of the CAT
gene. The insensitivity of this assay in detecting CAT
poly(A)* RNA makes it impossible to determine whether or
not the increase in this RNA synthesized from pSV2CAT
and pFRCAT parallels exactly the observed increase in CAT
enzyme activity.

trans-activation of the oriP transcriptional enhancer by the
EBNA-1 gene product. A number of experimental observa-
tions indicate that the EBNA-1 gene product of EBV inter-
acts with the 30-bp family of repeats. The EBNA-1 gene
product is required for the replication of plasmids containing
oriP (29, 48). In addition, selectable plasmids that carry only
the 30-bp family of repeats confer drug resistance transiently
in EBNA-1-positive cells (36). More compellingly, Rawlins
et al. (34) have shown by nuclease protection experiments
that in vitro EBNA-1 binds to each copy of the 30-bp
repeats.

We therefore asked whether EBNA-1 could act as a
trans-activator of the 30-bp repeat enhancer element. To
address this question, we generated cell lines which ex-
pressed EBNA-1 by introducing plasmids that carry the

EBNA-1 gene plus a selectable drug resistance marker into
EBV-genome-negative cells and selecting clones of cells for
drug resistance. It is known that these EBV-genome-
negative cell lines (Table 2) express EBNA-1 since the
plasmids p205 and pl54 carry oriP and are maintained as
replicating plasmids. oriP plasmid maintenance requires the
presence of EBNA-1. For the 143/EBNA and Wilson/p274
cells, the EBNA-1 gene is maintained by virtue of its being
integrated into the host genome.

These EBNA-1-positive cell lines plus their EBNA-1-
negative parents were tested for the ability to support
transcriptional enhancement by the 30-bp repeats. The CAT
constructions shown in Fig. 1A and listed in Table 2 were
introduced into the cells, and after 72 h extracts were
prepared and assayed for CAT activity (Table 2). In all the
cell lines tested, pSV,CAT yielded expression of the CAT
gene, indicating that these cells permit the expression of the
introduced DNA. Cells that did not express EBNA-1 did not
support detectable transcriptional enhancement by the 30-bp
repeats. Cells that express EBNA-1 were found to support
transcriptional enhancement by the 30-bp repeats, but de-
tectable expression of CAT activity depended on the pro-
moter used. For example, in the EBV-negative, EBNA-1-
positive, B-lymphoid line Wilson/p205, a 15- to 20-fold
enhancement of CAT activity was observed when the 30-bp
repeats were present on pA;gCAT, (Table 2A). pA;(CAT;
contains the SV40 early promoter. However, we have pre-
viously shown that the 30-bp repeats do not detectably
enhance transcription in 143/EBNA cells from the SV40

TABLE 4. Assay for stable enhancement: enumeration of hygromycin B-resistant clones per 10° cells after the introduction
of different plasmids®

Plasmid tested®

Cell line® Ratio
pHyg pHEBo p2.8 p3.2 pSM3 p259 p260 (p2.8/pHyg)

143 (150 pg) 4 x 10% 6° 3 x 102 ND/ ND ND 90 0.7
143/EBNA (150 pg) 1 x 102 4 x 10° 10* ND ND ND 2 x 102 10
Raji (100 ug) 1 1 x 10° 100 12 ND 12 12 100
Raji (200 ug) 1 ND 12 0.4 7 x 10° 3 0.8 12
721 (200 pg) 1 3 x 102 1 x 102 3 7 x 102 9 1 100
721 (300 pg) 0.3 70 12 0.3 7 x 10? 0.3 0.3 40

¢ Adherent cells (143 and 143/EBNA) were transfected and B-lymphoid cells (Raji and 721) were electroporated with plasmids that encode resistance to
hygromycin B (Fig. 1B). The surviving cells were counted 2 to 3 days after introduction of plasmid DNAs, diluted, and treated with different concentrations of
hygromycin B. Hygromycin B-resistant colonies were scored after 6 to 7 weeks.

The concentration of hygromycin B used to select survivors is given in parentheses.

¢ For adherent cells the number of drug-resistant clones was determined by counting the number of colonies in dishes that had fewer than 50 colonies per dish
and averaging those numbers for each plasmid tested. Adherent cells and B lymphoblasts were plated as described in Materials and Methods. The number of drug-
resistant clones of B lymphoblasts was determined by counting the number of wells without live cells of a particular dilution. The Poisson distribution was then
used to calculate the number of viable cells at that dilution. When more than one dilution had wells with and without live cells, then the average number of viable
cells obtained from both dilutions is given.

4 Ratio of the number of hygromycin B-resistant cells after the introduction of p2.8 divided by the number found after the introduction of pHyg.

¢ The number of hygromycin B-resistant 143 cells after introduction of pHEBo is usually similar to that found after introduction of pHyg (41, 48). This low
nufmbl;]e)r may :'!eﬂect an inhibitor in this batch of pHEBo DNA used in this experiment with both 143 and 143/EBNA cells.

, Not done.
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FIG. 3. Assay for replication of plasmids containing the SV40
enhancer. Raji cells (5 x 107) were electroporated with 10 ug of
pSM3 (defective SV40 origin plus all of oriP), p259 (SV40 enhancer
plus region of dyad symmetry from oriP), and p260 (SV40 enhancer
alone). After 96 h, extracts from 107 cells were assayed as described
in Materials and Methods. The arrow indicates the position of
Dpnl-resistant and therefore replicated pSM3. The DNA in the lane
labeled input was 30 pg of HindIll-digested pHEBo. Assuming that
approximately 5% of the cells took up and expressed the DNA, 30
pg represents approximately 8 molecules per cell. The size markers
(kilobase pairs) were taken from bacteriophage lambda DNA di-
gested with HindIII. The autoradiogram was exposed for 4 days.

early promoter (36). This observation was confirmed and
extended to D98 cells that express EBNA-1, D98/p154
(Table 2A). In contrast, when the CAT gene was placed
under the transcriptional control of the HSV-1 TK promoter,
the family of 30-bp repeats enhanced CAT expression ap-
proximately 5- to 20-fold in all cells tested that expressed
EBNA-1 (Table 2B). Since the enhanced expression of genes
linked to the 30-bp family of repeats is observed only in cells
that express EBNA-1 and since EBNA-1 is known to bind to
DNA sequences within each copy of the repeat, we conclude
that EBNA-1 acts in trans to activate this enhancer element.

EBNA-1 trans-activates the 30-bp family of repeats and not
other promoters or enhancers. We tested whether EBNA-1
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acts as a specific activator of the 30-bp repeats or as a more
general rrans-activator of enhancer-promoter combinations.
Five plasmids that expressed the CAT gene from different
promoters were tested for their ability to express the CAT
gene in cells either expressing or not expressing EBNA-1.
The plasmids tested contained the CAT gene expressed
from: the HSV-1 TK promoter (pTKCAT), the HSV-1 TK
promoter plus the 30-bp family of repeats (pFRTKCAT), the
SV40 early promoter plus the SV40 enhancer (pSV,CAT),
the SV40 early promoter (pA;(CAT,), and the human
cytomegalovirus immediate-early gene promoter plus en-
hancer (pCATwt760 [40]). These plasmids were introduced
into Wilson (EBNA-1 negative) and Wilson/p274.4 (EBNA-1
positive) cells by electroporation. After 72 h, extracts were
prepared and assayed for CAT activity. The results are
presented in Table 3. In Wilson cells, introduction of both
pSV,CAT and pCATwt760 led to enhanced CAT expression
(3 and 11% acetylation, respectively). Introduction of plas-
mids containing the 30-bp family of repeats led to no
detectable CAT activity in these cells. In the EBNA-1-
positive derivative of Wilson, Wilson/p274.4, both
pSV,CAT and pCATwt760 expressed levels of CAT activity
similar to those observed in EBNA-1-negative Wilson cells
(2.6 and 9% acetylation, respectively). CAT expression was
enhanced from the plasmid carrying the 30-bp family of
repeats, pFRTKCAT, in Wilson/p274.4 cells (2% acetyla-
tion). This effect was not observed for any of the other
plasmids tested. These results indicate that EBNA-1 specif-
ically trans-activates the 30-bp family of repeats which leads
to enhanced expression of the CAT gene.

Family of 30-bp repeats stably enhances expression of linked
drug resistance gene in EBNA-1-positive cells. We asked
whether the 30-bp family of repeats could stably enhance
expression of resistance to hygromycin B in addition to its
ability to enhance gene expression transiently. The newly
constructed plasmids used in these experiments are illus-
trated in Fig. 1B. They all express resistance to hygromycin
B and in addition contain: the 30-bp family of repeats of oriP
(p2.8 [36]); the dyad symmetry element of oriP (p3.2 [36]);
oriP (pHEBo [41]); oriP plus the SV40 72-bp repeats
(pSM3); the dyad symmetry element of oriP plus the SV40
72-bp repeats (p259); or the SV40 72-bp repeats alone (p260).
These constructions were introduced into four different cell
lines, and the cells were selected for resistance to
hygromycin B. The number of cells resistant to hygromycin
B per 10° viable cells is shown in Table 4. In 143 cells
(EBNA-1 negative), the plasmid carrying the 30-bp family of
repeats (p2.8) did not yield an increase in the number of
resistant cells relative to the vector, pHyg. However, in cells
that were positive for EBNA-1 expression (143/EBNA) or in
cells that carried a complete EBV genome (Raji, 721),
introduction of the plasmid p2.8 yielded cells resistant to
hygromycin B 8 to 100 times more frequently than did
introduction of the plasmid pHyg. Introduction of plasmids
carrying all of oriP (pHEBo and pSM3) yielded a 10- to
100-fold-greater increase in the number of cells surviving
selection than did introduction of p2.8. Plasmids that con-
tained the dyad symmetry element of oriP (p3.2), the SV40
72-bp repeats (p260), or both (p259) yielded only 1/10th to
1/5th the number of hygromycin B-resistant cells as did p2.8.
These observations indicate that the presence of the 30-bp
family of repeats in cis enhances expression of the gene
encoding hygromycin B resistance in cells that express
EBNA-1. Furthermore, the enhancement by the 30-bp fam-
ily of repeats is more efficient than that observed with the
SV40 72-bp repeats.
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Increasing the stringency of the selection by increasing the
dose of hygromycin B usually led to a decrease in the
number of resistant cells recovered (Table 4). p2.8 still
yielded more resistant cells than did the vector under these
more stringent selection conditions. This observation is
again consistent with the 30-bp family of repeats stably
enhancing expression of a linked gene. With p2.8 increasing
the stringency of selection still further led to colonies being
resistant only transiently (36). The transient survival results
from high levels of hygromycin B resistance being expressed
transiently. This transient resistance results in turn presum-
ably from more molecules of p2.8 being introduced and
expressed in cells than are eventually maintained and ex-
pressed.

SV40 transcriptional enhancer cannot substitute for the
30-bp repeats in oriP-mediated plasmid replication. We found
that the 30-bp repeats of oriP, which is required for plasmid
replication, also can function as a transcriptional enhancer.
A transcriptional enhancer and a region containing dyad
symmetry are both required for the efficient replication of
papovaviruses, and at least with polyomavirus, this require-
ment for a transcriptional enhancer can be met by heterolo-
gous enhancers (9, 18a). We therefore tested whether an
SV40 transcriptional enhancer could substitute for the family
of 30-bp repeats in oriP replication. To carry out this test, we
constructed three plasmids with the SV40 enhancer, oriP, or
only the region of dyad symmetry from oriP (illustrated in
Fig. 1B). pSM3 (SV40 origin plus all of oriP), p259 (SV40
enhancer plus dyad symmetry from oriP), and p260 (SV40
enhancer) were introduced into Raji cells and after 96 h were
assayed for replication as described above. Visualization of
the autoradiogram (Fig. 3) indicated that the only plasmid
that had undergone replication was pSM3 which contained
all of oriP. pSM3 was present at a level of approximately two
replicated plasmid molecules per cell, and the limit of
detection was less than 0.4 replicated molecules per cell.
This result indicates that unlike polyomavirus DNA replica-
tion, efficient replication of oriP plasmids cannot be rescued
by substituting a heterologous transcriptional enhancer for
the EBV 30-bp family of repeats. The results of this assay for
replication are corroborated by the findings in Table 4.
DNAs encoding resistance to hygromycin B that contain
oriP (pHEBo and pSM3) yield approximately 1,000-fold
more resistant colonies after being introduced into EBNA-
1-positive cells than do the constructions p259 and p260. The
failure of p259 and p260 to yield resistant colonies efficiently
results presumably from both their lack of the 30-bp family
of repeats that serves as a transcriptional enhancer and their
inability to replicate as plasmids.

DISCUSSION

The 30-bp family of repeats of oriP can function as a
transcriptional enhancer. When positioned upstream of the
CAT gene expressed from the SV40 early promoter or
approximately 2,000 bp downstream from the CAT gene
expressed from the HSV-1 TK promoter, the 30-bp family of
repeats enhances CAT expression in EBV-genome-positive
or EBNA-1-positive cells. This enhanced CAT expression
was found to reflect an increased level of CAT mRNA and
was not due to plasmid amplification. The plasmids do not
amplify because those that contain only the 30-bp repeats of
oriP have been shown not to replicate in a short-term assay
(36), and in an analogous experiment the plasmids pA;oCAT
and pFRCAT were found not to replicate (data not shown).
We found by using a long-term assay that the 30-bp family of
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repeats stably enhanced the expression of a linked gene in
EBV-genome-positive cells. We introduced a construction,
p2.8, that contained the 30-bp family of repeats downstream
from a gene encoding resistance to hygromycin B. p2.8 lacks
the dyad symmetry element of oriP and therefore cannot
replicate as a plasmid in EBNA-1-positive cells (36). When
p2.8 was introduced into EBNA-1-positive cells, it yielded
10- to 100-fold more hygromycin B-resistant clones than did
the vector lacking the 30-bp family of repeats (Table 4).

The activity of the 30-bp family of repeats as a transcrip-
tional enhancer requires the expression of the EBNA-1 gene
(Tables 2 and 4). Enhanced expression of the CAT gene by
the family of repeats is only observed in cells that express
EBNA-1. Recently, Rawlins et al. (34) have shown that
EBNA-1 binds to each copy of the 30-bp repeated sequence
in vitro. This information together with the studies on
transcriptional enhancement presented here indicate that
EBNA-1 activates the enhancer activity of the 30-bp family
of repeats, presumably, by binding to it.

Proteins encoded by other viruses have also been shown
to have genetic regulatory functions. These include the SV40
large T antigen (23, 30), the adenovirus Ela protein (3, 21),
the immediate-early class of proteins encoded by the lytic
herpesviruses (10, 32), the E2 gene product of bovine
papillomavirus (38), and recently identified regulatory func-
tions encoded by some retroviruses (5, 37). Of this list of
viral regulatory proteins only EBNA-1 and the E2 gene
product of bovine papillomavirus have been shown to trans-
activate transcriptional enhancers. In the case of the bovine
papillomavirus trans-activation, it is not yet known whether
the protein binds directly to the enhancer or interacts with
cellular factors which then activate the bovine papil-
lomavirus enhancer (38). EBNA-1 is so far unique among
known viral genetic regulatory proteins in that it binds to an
enhancer that it activates. We do not yet know whether
EBNA-1 in conjunction with the 30-bp family of repeats
enhances the expression of EBV promoters. It appears likely
that the major clockwise transcriptional unit of EBV initiates
within 4,000 bp of the 30-bp family of repeats in transformed
cells (4, 39) and that one of its translational products is
EBNA-1 itself (39). If the expression of this transcriptional
unit were to be enhanced by the 30-bp family of repeats, then
the EBNA-1 protein would activate its own synthesis.

EBNA-1 may also activate the expression of cellular
genes. If there are clustered DNA sequences in the human
genome to which EBNA-1 binds as it does to the 30-bp
family of repeats, then this binding may enhance the expres-
sion of nearby genes. One candidate gene whose enhanced
expression may be activated by EBNA-1 is the proto-
oncogene homologous to the Gardner-Rasheed feline sar-
coma virus. This proto-oncogene is induced both in EBV-
transformed cells and in EBV-negative Burkitt lymphoma
cell lines that have been infected in vitro with EBV (6).

Both the EBNA-1 protein and the 30-bp family of repeats
are required for the replication of plasmids that contain oriP.
Transcriptional enhancers have been found to be required
for the replication of SV40 and polyomavirus. However, the
DNA sequences involved in transcription and DNA replica-
tion for these two papovaviruses are nested and therefore
difficult to dissect functionally. Whether or not the capacity
of the 30-bp family of repeats to act as a transcriptional
enhancer is required for DNA replication mediated by oriP is
unknown. However, another enhancer, the SV40 72-bp
enhancer, cannot substitute for the EBV 30-bp family of
repeats to permit efficient replication of oriP (Table 4; Fig.
3). It is likely that some step in DNA replication and RNA
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transcription involves the action of common cis-acting DNA
sequences since the 30-bp family of repeats can affect both
DNA replication and transcriptional enhancement. The viral
protein EBNA-1 is required for both processes too, and
presumably meets its requirement by binding to the 30-bp
family of repeats and, perhaps, to various cellular regulatory
factors.
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